Endomyocardial biopsies in heart transplant patients offer the opportunity to study the myocardial interstitium in the context of myocardial function. For that purpose endomyocardial biopsies should reliably reflect the composition of the entire myocardium. We determined whether the collagen content in the subendocardial region of the right side of the interventricular septum (site of right ventricular endomyocardial biopsy), in I6 normal and 30 transplanted human hearts, is representative for the entire myocardium. Moreover we determined whether or not the mean collagen content of the myocardium is altered along with the posttransplantation survival time and which factors might contribute to the development of interstitial myocardial fibrosis. Transmural sections of the right and left ventricular free wall and interventricular septum were stained with Sirius red, which specifically stains collagen fibers. Collagen in the subendocardial region and central parts of the myocardium was quantified using a digital image analyzer. In normal hearts the mean collagen content of the subendocardial region of the right side of the interventricular septum (site of right ventricular endomyocardial biopsy) correlates well with the mean collagen content of the right ventricular wall and the center of the interventricular septum, but it does not reliably reflect the mean collagen content of the left ventricular free wall. In transplanted hearts the collagen content at the site of right ventricular endomyocardial biopsy correlates highly with the mean collagen content of the entire myocardium. In transplanted hearts the increase in collagen content is a result mainly of an increase in collagen of the left ventricular free wall. We conclude that in heart transplant patients, right ventricular endomyocardial biopsies have potentialvalue in the analysis of the causes of left ventricular dysfunction. In transplanted human hearts, the posttransplantation survival time correlates positively with the collagen content, and this is attributable mainly to an increase in the collagen of the left ventricular free wall. Cardiovasc Path01 1996;5:61-68
to increased myocardial stiffness, resulting in impaired cardiac function (l-l 1). In the transplanted heart also interstitial fibrosis has been observed, and this could potentially have an adverse effect on long-term function of the cardiac allograft (12-15).
The major long-term changes that occur in the transplanted heart and which may have adverse effects on long term cardiac function are arteriosclerosis, interstitial fibrosis and myocyte hypertrophy. Some studies have raised doubts about the presence of increased interstitial fibrosis in the transplanted heart and its contribution to cardiac dysfunction (16, 17 cardial biopsies offer the opportunity to study the myocardial interstitium in the context of clinical parameters of myocardial function. For that purpose, however, endomyocardial biopsies should reliably reflect the composition of the entire myocardium Only a few reports have addressed the problem of whether or not small endomyocardial biopsies are representative for the entire myocardium (18, 19) . Baandrup et al. have proposed that at least five endomyocardial biopsies have to be obtained in order to assess reliably the collagen content in the interventricular septum (20) . This issue is important because it determines the potential value of the right ventricular endomyocardial biopsy in the analysis of the left ventricular function. In the present study we determined the collagen content in the subendocardial region and central parts of the right and left ventricular free wall and interventricular septum of ici normal human hearts and 30 hearts of patients who died. V. ith different intervals, after heart transplantation.
First, we determined whether the collagen content m the subendocardial region of the right side of the interventrzuiar septum (site of right ventricular cndomyocardial blopsyl. m normal and transplanted human hearts. is representarivc f<~ the entire myocardium.
Second, in the transplanted hearts we determined whether or not the mean collagen content of the right and left vt:niricle and the interventricular septum is altered along with the posttransplantation survival time.
Third. we attempted to identify transplantation related tac- In patients with a short survival time the mean systolic and diastolic blood pressures were determined in the posttransplantation period, whereas mean systolic and diastolic blood pressures of patients with an intermediate and long survival time were taken to be most relevant in the last weeks or months prior to death. A cytomegalovirus (CMV) infection was defined as any appearance of IgM; any isolation of CMV from urine, throat wash, or blood; or any demonstration of the antigen. Acute cellular rejections were treated with a pulsed high dose of methylprednisolone or, in case of refractory rejection, with anti-T cell therapy.
Histological evaluation. In all hearts transmural sections were obtained halfway between the apex and the atrioventricular junction of the right and left ventricular lateral wall and interventricular septum. Sections were fixed in 4 % buffered formaldehyde and paraffin embedded, and 5-pm thick sections were stained with hematoxylin and eosin, elastic-van Gieson, and Sirius red, which specifically stains collagen fibers (21). Graft coronary vasculopathy (concentric or eccentric intimal thickening) was scored semiquantitatively in parafffin sections of the proximal, middle, and distal parts of the right coronary artery, the anterior descending artery, and the circumflex (absent; slight: not exceeding 30% of the luminal area; moderate: not exceeding 70% of the luminal area; severe: exceeding 70% of the luminal area). Graft rejection was scored in routine endomyocardial biopsies by the presence of at least a mild acute rejection according to the Billingham criteria (22).
Morphometry.
To quantify the Sirius-red-stained myocardial tissue. we analyzed the histological sections using a Zeiss UEM light microscope (Carl Zeiss, Oberkochen, Germany) coupled to a CCD video camera (Panasonic WVCDSO, Japan) and a digital image analyzer (IBAS with an AT-386 host computer, Kontron Munich, Germany). The microscope
;. was equipped with a 10X Planapo objective and a halogen lamp, the voltage of which was controlled by a stabilized power supply (all Carl Zeiss, Oberkochen, Germany).
In each of the transmural sections of the right and left ventricular wall and the interventricular septum, 20 random consecutive adjacent fields (magnification x200) were analyzed directly subendocardial (to a depth of 1 mm, excluding the trabeculations) and in central (halfway between endocardium and epicardium) parts of the section. The central part was selected because pilot experiments indicated this was not significantly different from subepicardial myocardium. The endocardium itself was excluded from the analyzed field, as were blood vessels and perivascular tissue. In order to optimize contrast between collagen, cardiac muscle, and tissue shrinkage artifacts we used a green filter (551 nm). In each heart the grey level threshold was determined manually. in order to achieve segmentation into three different components: collagen, noncollagenous tissue, and shrinkage artifacts (no tissue; Figure 1 ). The Sirius-red-stained area was expressed as a percentage of the total measured area of cardiac tissue. The number of measurements was limited to 20 because more measurements did not decrease the coefficient of variance significantly. A number of measurements were repeated in the pilot phase of the project. The intra-and interobserver variation did not exceed 15 % Statistical analysis. Data were analyzed using an SAS statistics program. Comparisons of the mean collagen scores were made using the paired Student t test. In order to compare the collagen content in the subendocardial region and central parts of the right and left ventricular wall and interventricular septum, we performed linear regression and correlation analysis. The level for statistical significance was chosen at p < 0.05.
Results
Normal hearts. The mean collagen content in the subendocardium (RE) and center (RC) of the right ventricle was found to be 2% higher than that in the interventricular septum (SE and SC) and the free wall of the left ventricle (LE and LC; both p = 0.0001; Figure 2 ). In the right ventricle, the collagen content in the subendocardial region was 1.5 % less than that in the center of the myocardium (p = 0.0017). No statistically significant differences in collagen content were found between these regions in the interventricular septum and the free wall of the left ventricle. The collagen content in the interventricular septum and left ventricular free wall was almost the same. As indicated by the high standard deviation, ranging from 0.94 in the subendocardial region of the interventricular septum to 2.2 in central parts of the right ventricular wall, there is high interindividual variation in the collagen content between normal hearts. Figure 3A shows the results of a linear regression analysis of the correlation between the mean collagen content in the subendocardial region of the right side of the interventricular septum (site of right ventricular endomyocardial biopsy I anti all other sites. A good correlation was found between the values in the subendocardial region of the right side ;JE' the: interventricular septum and those in the center of the mter. ventricular septum and both regions in the wall of the right ventricle. In contrast, a poor correlation existed with the vafur~ of both regions of the free wall of the left ventricle. No statist! tally significant correlation was found between donor dgc a110 mean collagen content of the hearts.
Transplanted hearts. Overall. the transplanted heart,. showed an approximately twofold increase of the mean myoma cardial collagen content compared with normal hearts 1 Fip ure 2). In the transplanted hearts the mean collagen ~'onterri of the right ventricular wall was 3% higher than that in tht free wall of the left ventricle and mtcrventricular septum. l;igure 3B shows that the mean collagen content in the irryocar dium at the site of right ventricular endomyocardial mops) highly correlated with that i)f the right and left vsrrtrrcuiar free wall (subendocardial region and centcrf and ienter or the interventricular septum. There is a posit& \&&&call> significant correlation between the mean c-ollagen c~ontent or? the myocardium and the posttransplantation interval (X = 0. -39. p = 0.03: Figure 4) . Comparisons of the mean coIIag~?n im tent of left and right ventricle and interventricular septum in Jividually with the posttransplantation interval shows thrti the increase in collagen is attributable mainly to an incrcasc 11: the collagen content of the free wall of the left vcntr:clc {fl 0.48, p = 0.005). In the first two weeks after transplantation the transplanted hearts showed an increase oi' 1.4 % of the n rcai: collagen content compared with normal hearts (ii Mfi Figure 4) .
No statistically significant correlation was found hermecr! the collagen content of the myocardium and allograft ischk~ mia time; severity of graft coronary vasculopathy ; donor &gc: cyclosporin-A treatment: CMV infection; UI .A-DR A. ('I -8 mismatch; or number of icjection cpisc&\. A:, &nc)>t iii/ patients were hypertensive and only insignificant ditfercncc\ in mean systolic and diastolic blood prcssurc cxistcd betwectr different patients. statistical analysis with regard to the I&-lion of the mean collagen content was ntrl lrossibh Discussion Only a few reports have addressed the problem ol' whether or not small endomyocardial biopsies 01' normal and transplanted human hearts can be regarded as representative for the entire myocardium. In this study we evaluated whether or not the collagen content in right ventricular endomyocardiai biopsies reliably reflects the composition of the entire myocardium and, therefore. (24) and Oken and Boucek (25), we found, in normal hearts, a significantly higher collagen content (2 %) in the right ventricular wall than in the left ventricular free wall and interventricular septum.
In normal human hearts the mean collagen content of the subendocardial region of the right side of the ventricular septum correlates well with the mean collagen content of the wall of the right ventricle and the center of the interventricular septum, but it does not reflect reliably the collagen content of the free wall of the left ventricle.
In the transplanted human hearts the mean collagen content of the right ventricular wall was 3% higher than that in the interventricular septum and the free wall of the left ventricle. The mean collagen content of the right ventricular endomyocardial region in transplants correlates highly with that of the entire myocardium. The reason why this was found only in the transplanted hearts is not clear. The most likely explanation is that interindividual variability obscures the correlation between the different sites in the normal heart. In the transplants, however, diffuse deposition of collagen leads to overall higher collagen content with a high correlation between the different sites. We conclude that, in heart transplant patients, right ventricular endomyocardial biopsies have a potential value in the analysis of the causes of left ventricular dysfunction.
In transplanted human hearts, the posttransplantation survival time correlates positively with the collagen content, and this is attributable mainly to an increase in the collagen of the left ventricular free wall. We consider the left ventricular free wall and interventricular septum as a functional unit and therefore speculate that differences in collagen deposition between the left ventricular free wall and interventricular sepo-o.5 [1] [2] [3] [4] 11-91 months turn are related to differences in microvasculature and/or hemodynamic load. Further studies will be required to elucidate the mechanisms responsible for these regional differences. The overall increase in collagen content in the transplanted hearts is attributable to a combination of reparative and reactive fibrosis. We hypothesize that in the first weeks after transplantation, collagen deposition is a result of mainly reparative fibrosis, whereas in the later phase after transplantation reactive fibrosis is a more important factor. All donor hearts were obtained from patients with either intracranial hemorrhage or acute head injury, which are (probably related to intense efferent cardiac sympathetic activity) common causes of myocyte necrosis (26). In some normal hearts focal individual myocyte necrosis was observed, and it is very likely that myocyte necrosis also occurred in donor hearts used for transplantation, though the extent of myocyte necrosis prior to transplantation could not be identified. Necrotic myocytes are replaced by collagen (reparative fibrosis), which becomes identifiable after one week (27). In the normal hearts, not used for transplantation, the interval between intracranial hemorrhage or head injury and explantation of the heart was too short (several hours to three days) to influence the collagen content of the myocardium. However, reparative fibrosis as a result of myocyte necrosis in donor hearts used for transplantation may contribute to an increase in collagen content in patients who survived more than one week. In hearts of patients who died within two weeks after transplantation, there is an increase of 1.4% in mean collagen content compared with normal hearts. Myocyte necrosis occurred as a result of pre-and perioperative ischemia (28) or is related to intracranial hemorrhage or head injury. In hearts of patients with a intermediate and long survival time (1-91 months), col-
